Present day oceans are well ventilated except mid-depth oxygen minimum zones (OMZs) 11 under high surface water productivity, regions of sluggish circulation, and restricted marginal 12 basins. In the Mesozoic, however, entire oceanic basins transiently became dysoxic or anoxic. 13
2 levels from 5 to 45 µmol kg -1 . Chondrites has not been reported from Peruvian sediments but 1 cm-sized crab burrows appeared around 10 µmol kg -1 , which may indicate a minimum oxygen 2 value for bioturbated Cretaceous strata. Organic carbon accumulation rates ranged from 0.7 3 and 2.8 g C cm -2 kyr -1 in laminated OAE 2 sections in Tarfaya Basin, Morocco, matching late 4
Holocene accumulation rates of laminated Peruvian sediments under Recent oxygen levels 5 below 5 µmol kg -1 . Sediments deposited at >10 µmol kg -1 showed an inverse exponential 6 relationship of bottom-water oxygen levels and organic carbon accumulation depicting 7 enhanced bioirrigation and decomposition of organic matter with increased oxygen supply. In 8 absence of seasonal laminations and under conditions of low burial diagenesis, this 9 relationship may facilitate quantitative estimates of paleo-oxygenation. Similarities and 10 differences between Cretaceous OAEs and late Quaternary OMZs have to be further explored 11 to improve our understanding of sedimentary systems under hypoxic conditions. 12 13 
Introduction 14
In the present day ocean, most of the water column is well ventilated as a consequence of 15 thermohaline circulation processes that lead to subduction of cold, oxygen rich and dense 16 water masses in high northern and southern latitudes (e.g. Kuhlbrodt et al., 2007) . Exceptions 17 are restricted basins, in which the limited exchange with the oxygen rich water masses of the 18 open ocean is not sufficient to counteract oxygen consumption by organic matter respiration 19 such as in the Black Sea (Murray et al., 1989) . In the open ocean, strongly oxygen depleted 20 water bodies occur underlying highly productive surface waters such as in the major 21 upwelling areas off the western continental margins of Africa and the Americas or below the 22 monsoon-driven upwelling of the Arabian Sea (Helly and Levin, 2004) . In the geological past, 23 regional or global ventilation of the ocean underwent significant changes on different time 24 scales due to a variety of reasons, including changes in atmospheric and ocean circulation, 25 stratification, temperature or tectonic processes. It is, however, difficult to quantify the past 26 spatial extent and intensity of oxygen minima because the oxygen concentration of the water 27 column is not directly recorded in the sediments. As a consequence, derivative proxies have 28 been applied to reconstruct past ocean oxygenation. Table A1 ). The cruises were performed in the framework of Other CTD casts further offshore were not included because they already showed 31 significantly elevated oxygen concentrations compared to proximal locations at the same 32
Bioturbation 23
Organisms dwelling in sediments below the redox boundary commonly rely on oxygen supply 24 from the above near-bottom waters (Savrdaand Bottjer, 1991). They disappear if bottom-25 water oxygenation drops below a certain limit (Rhoads and Morse, 1971; Savrdaet al., 1984) . 26 Observations from Recent OMZs suggested that deposit-feeding gastropods, in particular 27
Astyris permodesta, may temporarily enter dead zones for grazing on fresh organic detritus or 28 sulphur bacterial filaments (Levin et al., 1991; Mosch et al., 2012). These gastropods leave 29 small biodeformational structures on the sea bed, which are, however, usually not preserved 30 (Schäfer, 1956 ). Sediments from oxygen-depleted environments are therefore characterised 31 by scarcity or absence of ichnofossils (Savrdaand Bottjer, 1987) . Only a few ichnogenera are 1 recognisable, in particular the mm-sized Chondrites. Their diameter correlates with 2 oxygenation although food availability or substrate properties also exert an influence 3 (Bromley and Ekdale, 1984; Fu, 1991; Kröncke, 2006) . In eastern Pacific hypoxic 4 environments, a covariance of the highest average burrow size and oxygen content of near-5 bottom water was recognised for an oxygen range of 5 to 45 µmol kg -1 in the San Pedro Basin 6 (Savrdaet al., 1984) . This relationship was based on 6 to 10 burrows identified per x-ray 7
image. An assignment to particular ichnotaxa other than Arenicolites was not attempted, even 8 though many ichnogenera have a well constrained range of dimensions (e.g. Wetzel, 2008 Brodie and Kemp, 1994; Kemp, 1996) . In the Arabian Sea, laminated sediments were found 5 between 300 and 900 m water depth whereas the OMZ with oxygen concentrations of <23 6 µmol kg -1 impinges the sea floor between 200 and 1200 m depth. Minimum values of 4.5 7 µmol kg -1 were reported (Schulz et al., 1996) . No benthic macroinvertebrates were observed 8 between 300 and 800 m where these low oxygen concentrations prevailed. The laminations 9 form couplets of dark grey organic-rich summer varves and light grey winter varves of 10 terrigenous detritus. Holocene average sedimentation rates were in the range of 0.9 to 1.5 mm 11 yr -1 . Winnowing and reworking by slope currents or turbidites was common, which prevented 12 the establishment of continuous long records of annual resolution (Schulz et al., 1996) . 13 Instead, cyclic alternations of laminated and bioturbated core sections suggested a spatial 14 variability of the OMZ on longer time scales (von Rad et al., 1995) . 15 In the California borderland basins the laminae consist of dark lithogenic winter layers and 16 light-coloured, nearly monospecific Thalassiothrix longissima diatom layers deposited during 17 spring and early summer (Thunell et al., 1995 Table  20 A1). From those, 36 showed laminated intervals whereas 38 cores were homogenized by 21 bioturbation with the exception of sediment-transport related structures, sand or gravel beds. Table A2 ), 25
i.e. one magnitude higher than in the Arabian Sea. Dilution by seasonal terrigenous sediment 26 input from Pakistan probably accounts for the difference (von Rad et al., 1995) . 27 The organic carbon data from the Peruvian cores revealed distinct distribution patterns. 2009) indicated that the main depositional center of organic-rich sediments during OAE 2 7 were in the middle to outer shelf part of the Tarfaya Basin in relatively shallow water depths 8 between approx. 100 and 300 m. Such a setting would be in general agreement with the 9 situation on the Peruvian shelf and upper slope today, where similar high-accumulation areas 10 were recognised at depths of less than 300m (Wefer et al., 1990) . 11 Basin 12 Organic matter accumulation rates were calculated in three cores (S13, S75, SN°4) for grazing activity of vagile benthic organisms. These events occurred on decadal-centennial 7 timescales as brief interruptions of otherwise continuously dysoxic to anoxic conditions. 8
Organic carbon accumulation rates during OAE 2 in the Tarfaya
The different marine primary producers in the Cenomanian-Turonian may have influenced the 9 stoichiometry and isotope composition of marine organic matter. Whereas Holocene to 10
Recent organic-rich sediments in the Peruvian upwelling contain high proportions of diatoms, 11
Cretaceous organic-rich sediments are dominated by haptophyte algae preserved as shields of 12 coccolithophorids and nannoconids, archaeans, and cyanobacteria as revealed by biomarkers 13 In the north-eastern Pacific, we also see alterations of bioturbated sediments deposited during 1 the last glacial and stadial climatic intervals with laminated intervals deposited during the 2 Holocene and late Pleistocene interstadials (Behl and Kennett, 1996; Cannariato and Kennett, 3 1999). Even though these alterations reflect much shorter periodicities than during the mid 4 Cretaceous, they were climatically driven by intensified upwelling due to stronger trade winds 5 and enhanced nutrient supply through Subantarctic Mode Water, thus again linked to 6 processes in the Southern Ocean (Jaccard and Galbraith, 2012, and references therein). 7
Off Peru, laminations have neither been strictly linked to climatic periodicities nor were they 8 continuously preserved in the fossil record. Numerous discontinuities, their time-transgressive 9 nature, and phosphoritic sand layers are evidences for the impact of strong bottom-near 10 currents and breaking internal waves (Reimers and Suess, 1983) . On the other hand, eddies 11 and warm, oblique filaments can facilitate a short-term supply of oxygen to the Peruvian 12 OMZ (e.g. Stramma et al., 2013) , and large burrowing or grazing organisms may invade the 13 dead zone from below (Mosch et al., 2012), thus destroying recently deposited laminae. 14 Therefore it is conceivable that a preservation of continuous laminated sediments has rather 15 been an exception than the rule in the Peruvian OMZ. This exception was more likely to 16 occur in the permanently anoxic centre of the OMZ underneath the most intense upwelling 17
cell. 18
None-the-less, it has to be emphasized that many of the north-eastern Pacific cores were 19 retrieved from marginal basins where a quiet depositional regime prevailed. Furthermore, the 20 impact of bottom-near currents and redeposition is also documented in OAE 2 deposits from 21
Tarfaya outcrop sections. We speculate that if there were a possibility to examine older 22
Peruvian OMZ sediments in an outcrop section, many similar features will emerge helping to 23 better understand the fragmentations of the stratigraphic record described above. 
(Figure 4). 29
The palaeo water depths of the Tarfaya Basin during OAE 2 were slightly shallower than the 30 centre of the Peruvian OMZ today. Based on molecular evidences, it was even suggested that 31 the Cretaceous OMZ extended into the photic zone (Sinninghe Damsté and Köster, 1998). As 32 such, decomposition and remineralisation of organic detritus while sinking to the sea floor Sedimentological, faunistic, and biogeochemical parameters suggested that large parts of the 24 water column were devoid of dissolved oxygen, but the absolute levels are less well 25 constrained. In an actualistic approach, we compared deposits of OAE 2 from the Moroccan 26 shelf close to Tarfaya with deglacial and Holocene OMZ sediments from the upwelling area 27 off Peru and found only a few parameters for a reliable investigation of paleo low-oxygen 28 conditions in both records, i.e. trace fossils, laminations, and organic carbon accumulation 29
rates. 30
The millimetre-sized trace fossil Chondrites was common in Cretaceous strata, in particular in 31 the beds directly underlying OAE 2 black shales. It was also found in modern oxygen-32 depleted environments, where it is created by a nematod pursuing chemotrophy at anaerobic 1 conditions. The burrow diameter increased with oxygen level from 5 to 45 µmol kg -1 in the 2 San Pedro Basin, California. However, Chondrites has never been reported from Peruvian 3 OMZ sediments. The oxygen -burrow size relationship is challenged by cm-sized crab 4 burrows appearing at oxygen levels around 10 µmol kg -1 below the OMZ already. Crab 5 burrows are also common in Cretaceous sediments. Their appearence in OAE 2 sediments 6 may therefore indicate that a threshold of approximately 10 µmol kg -1 bottom-water oxygen 7 has been exceeded. 8
Laminations are a more reliable indicator, but they display only one, very low oxygen level. 9
In the Peruvian, northeastern Pacific, and Pakistan OMZs, depositional laminae created by 10 seasonal or multi-annual variations in sediment supply or composition were preserved at 11 bottom-water oxygen concentrations of less than 5 µmol kg 
